The processes of energy gain and redistribution in a dense gas subject to an intense ultrashort laser pulse are investigated theoretically for the case of high-pressure argon. The electrons released via strong-field ionization and driven by oscillating laser field collide with neutral neighbor atoms, thus effecting the energy gain in the emerging electron gas via a short-range inverse Bremsstrahlung interaction. These collisions also cause excitation and impact ionization of the atoms thus reducing the electron-gas energy. A kinetic model of these competing processes is developed which predicts the prevalence of excited atoms over ionized atoms by the end of the laser pulse. The creation of a significant number of excited atoms during the pulse in highpressure gases is consistent with the delayed ionization dynamics in the pulse wake, recently discovered by Gao et al 1 . This energy redistribution mechanism offers an approach to manage effectively the excitation vs. ionization patterns in dense gases interacting with intense laser pulses and thus opens new avenues for diagnostics and control in these settings.
Strong-field ionization processes have been a hallmark of the physics of intense ultrashort laser pulses interacting with atoms and molecules. Considerable attention has been paid both to the details of the ionization event 2 and to the motion of the released electrons driven by the oscillating laser field. 3 One spectacular manifestation of these processes is high harmonic generation (HHG), which results from recombination of a field-accelerated electron with its parent ion, leading to emission of coherent soft X-rays and trains of attosecond pulses. 4, 5 Recent research is exploring the more subtle effects of frustrated tunnel ionization 6 and so-called KramersHenneberger quasi-bound states in strong laser fields 7 , which may affect HHG 8 and other nonlinear effects, such as higher-order Kerr effect, acceleration of neutral atoms, 9 and transient amplification of intense light fields in gases. 10 As a result of these processes, by the end of the laser pulse the low-momentum freed electrons may be partially recaptured by the ionic Coulomb potential into highly excited Rydberg states.
Strong-field ionization was first investigated in vacuum or at low pressure, where the laser field interacts with individual atoms or molecules. When strong-field ionization occurs in an atmospheric-pressure gas, many electrons are created per cubic wavelength, and their effect on laser pulse propagation becomes substantial. In particular, the emerging optically underdense plasma effectively counters the Kerr-effect selffocusing of the laser beam, leading to stabilized filamentation of femtosecond pulses. 11, 12 Moreover, transient ionization grating in twobeam coupling settings may serve both for extracting the details of the ionization process [13] [14] [15] and for controlling subsequent laser pulses via interaction with the evolving grating.
In the wake of a filamenting laser pulse, the system of energetic free electrons, ions, and remaining neutral atoms (or molecules) evolves toward equilibrium, and this wake channel evolution gives rise to a number of transient effects which have both fundamental and practical importance. Post-pulse electron dynamics in the channel have been investigated using transverse interferometry, 16, 17 four-wave mixing, 18, 19 and measurement of Rabi sideband emission. 20, 21 The results of these measurements agree well with the results of numerical simulations based on simple models of thermalized electron gas dynamics assisted by impact ionization cooling. 12, 18, 19 The free-electron density in a filament wake channel can be further controlled and manipulated by using avalanche ionization driven by an additional high-energy heater pulse of nanosecond duration. 22 Further complications may be expected when strong-field ionization occurs in a dense (high-pressure) gas. Such high-pressure (and multiply ionized) noble gases were used to achieve efficient ultrahigh-harmonic generation, in which case the combination of linear response of electron gas and nonlinear response of ions was shown to engineer phase matching with the driving UV laser pulse. 5, 23, 24 Most recently, timeresolved transverse interferometry and shadowgraphy was used to trace evolution of the electron density in the filament wake in a highpressure argon gas (60 bar) on picosecond time scale, 1 where an approximately 3-fold increase in the electron density was observed, saturating at about 30 picoseconds after the filamenting laser pulse.
Analysis of these observations 1 strongly suggests that the interaction of an intense femtosecond laser pulse with the dense gas should result in a density of excited argon atoms that is greater than that of generated ions. This high density of excited atoms cannot be accounted for by the Rydberg-state excitations resulting from the frustrated ionization, as mentioned above. First, at the typical value of laser intensity used in Ref. 1 , 13 7 10 I  W/cm 2 , the calculated concentration of Rydberg atoms resulting from the frustrated ionization processes is less than 1%. 25 Second, the high-pressure gas is not conducive for the survival of high Rydberg states, because they immediately become subject to extensive autoionization. Therefore, the robust excited states in question should lie deep in the excited state manifold. The high density of moderately excited atoms also does not agree with the scenario of avalanche ionization, which is typical for longer laser pulses, 22 because the avalanche process produces a growing number of energetic electrons capable of impact-ionizing even the ground-state atoms, let alone the excited ones. Thus, the case of ultrashort laser pulse interacting with a high-pressure gas presents a distinct regime, which requires consideration of the physical mechanisms involved and of the system evolution towards the state obtained at the end of the ionizing laser pulse.
In this Communication, we investigate theoretically the evolution of a dense gas during interaction with an intense, ultrashort laser pulse. Similar to recent experimental work, 1 we assume an argon gas at a pressure of 60 atm. This gas interacts with a laser pulse at 800 nm, a duration of 70 fs (FWHM), and a focal-volume intensity in the range 0.5-1.0 × 10 14 W/cm 2 . We develop a kinetic model for the concerted evolution of the field-driven free electrons, the ions emerging from impact ionization, and the neutral atoms undergoing collisional excitation. As will be seen, the most important process in this evolution is the inverse Bremsstrahlung that occurs during short-range collisions with neutral atoms, which differs from the usual inverse Bremsstrahlung in extensively-ionized plasma that is due to long-range Coulomb interaction of electrons with ions.
Over this range of laser intensities, the laser-gas interaction leads to a moderate ionization rate, so when the released electrons are being driven by the oscillating laser field, they are most likely to collide with neutral atoms. These collisions cause the electron gas to gain energy via the short-range inverse Bremsstrahlung. As the electrons acquire energy in excess of their moderate ponderomotive energy value, the collisions can cause excitation and ionization of the atoms thus working to reduce the overall electron-gas energy. As will be shown, the evolution of electron gas driven by these competing processes leads to prevalence of the excited atoms over ionized atoms by the end of the laser pulse. The considerable build-up of excited atoms during interaction with the laser pulse in high-pressure gases explains the recently-discovered delayed ionization dynamics in the pulse wake.
In the cases of low-or atmosphericpressure gases, the distance between the gas atoms/molecules is large enough ( 30  Å) to allow for the quivering motion of the released electron near its parent ion to be considered individually, separately from other atoms. In contrast, in the case of a high-pressure gas, the distance between the gas atoms becomes smaller than the ponderomotive radius (~ 8 Å at the laser intensity of 0.5 × 10 14 W/cm 2 ), and thus collisions of the quivering electron with the neutral neighbors become significant. These collisions lead to fast dephasing of the initial electron wavepacket and make it possible to approximately consider the subsequent evolution of laser-driven electron gas in the kinetic equation framework.
The kinetics of the emerging electron gas during the driving laser pulse is comprised of three major processes: (i) energy gain via inverse Bremsstrahlung; (ii) impact excitation of neutral atoms, which is associated with energy loss by the free electrons; and (iii) impact ionization, which is associated with both the energy loss by free electrons and the generation of new free electrons. For simplicity, we consider a homogeneous electron gas and trace its evolution in terms of the density of occupied energy states   , nt  so that the total electron number density
In constructing the inverseBremsstrahlung kinetics, we assume that the laser carrier frequency  is greater than the elastic scattering rate of the ionized electrons with neutral atoms, which in turn is greater than the inverse of the pulse duration, T . The linearly polarized laser field exerts a force on a free electron, 
where   
The process described by this Fokker-Plank-type equation can be seen as an effective diffusion of the electron density along the energy coordinate, with a time-dependent effective diffusion coefficient.
In the process of collisional excitation, a free electron promotes a neutral atom to an excited state with the excitation energy, 
The effects of impact ionization processes on   , nt  can be described analogously to the effects of collisional excitation, as expressed in Eq. (6). However, one important distinction is that the total number of free electrons is not conserved, since each event of impact ionization adds a free electron. Accordingly, the contribution of the impact-ionization processes to the evolution of   , nt  is expressed as, 9), the first and the second terms are analogous to the respective terms in Eq. (6), whereas the last term accounts for the free electrons emerging from the impact ionization. The growing total number of these secondary electrons is given by the integral, which is analogous to that of Eq. (8) To put Eqs. (5)- (11) in dimensionless variables, the energy unit is chosen to be the ponderomotive potential at the laser intensity of Upon combining Eqs. (5), (6) , and (9), and using the introduced dimensionless variables interval of predominant excitation reflects decisively on the evolution of the electron gas during the laser pulse. When the electrons climb up the energy scale, being driven by the inverse Bremsstrahlung process, they first come across this interval of preferential excitation and do actively excite the neutral atoms. Since the acts of excitation remove energy from the free electrons, the kinetic energy distribution shifts toward lower energies. From those lower energies, the electrons again climb up, only to get across the same interval of preferential excitation. Due to this Sisyphean cycling, the electrons hardly get through to the energies where they can effectively participate in impact ionization. As a result, the emerging electron energy distribution peaks at the energies just below ex  ; this pattern will be seen in the numerical simulation presented in Fig. 2 . With this scenario, we can expect a large number of excited neutral atoms to result from the laser-gas interaction, as compared with the resulting number of ions. From mathematical standpoint, Eq. (12) is a complicated partial differential equation, which contains an integral term and finite-difference terms. As such, it is not amenable to standard numerical solvers and required a tailored approach. We have implemented an approach based the solution for delayed differential equations developed in Ref. 29   reflects the production of primary electrons by the laser pulse via strongfield ionization. As seen, it is dwarfed by the second hump, which is due to the impact ionization. As also seen, this second hump is effectively confined to the energies lower than the thresholds of excitation and ionization processes. The evolution of the total number densities of the excited atoms, ; the time-dependent laser intensity is shown symbolically as the gray curve. The initial rise of the electron density is due to strong-field ionization, the following build-up is due to impact processes energized by inverse Bremsstrahlung. density of the excited atoms starts to grow only after the peak of the laser pulse, which is quite natural, as the excitation is effected by energetic free electrons. At first, this density of excited atoms trails noticeably the number of ions, because near the peak of the laser pulse the primary electrons (and thus the primary ions) are produced extensively. However, at later times the excited-atoms curve rises much more sharply than that of the ions, and by the end of the laser pulse, the number of excited atoms is almost threefold larger than the number of ions, which is in good agreement with experimental observations. 1 Thus, our theoretical results confirm that in the case of a dense gas, a filamenting laser pulse can produce considerably greater density of excited atoms than the density of ions, which should play a decisive role in the after-pulse evolution of the filament wake channel.
In conclusion, we have theoretically investigated the evolution of a dense argon gas being subjected to a strong-field, ultrashort laser pulse. We found that this evolution differs markedly from what happens in low-pressure gases, because the primary electrons, released by the strong-field ionization and driven by the laser electric field in a quivering motion around their parent ions, are very likely to collide with the neighboring neutral atoms. Due to these shortrange collisions, an inverse-Bremsstrahlung process leads to effective energy gain by the electron gas. However, a considerable portion of this energy is channeled to inelastic collisional processes of impact ionization and collisional excitation of neutral atoms. Having lower energy threshold, the second process dominates over the first one, and leads to considerable build-up of excited atoms by the end of the laser pulse. The number of ions resulting from the impact ionization, the prevalence of the excited atoms, and the nonequilibrium electron distribution function set the stage for the longer-term system evolution after the laser pulse, which in turn determines the evolution the transient modifications of the linear and nonlinear optical properties of the wake channel. Also, the results obtained may be extended to the cases of lowerpressure gases interacting with mid-infrared lasers as the ponderomotive radius and thus the significance of collisional processes will scale as square of the laser wavelength.
